1. Introduction {#sec1}
===============

Some of the many biological events related to the dynamic properties of cellular water include stabilization of DNA's double helix,^[@ref1]^ catalysis, protein dynamics and structure,^[@ref2],[@ref3]^ cell migration,^[@ref4]^ biological effects of ionizing radiation,^[@ref5]^ and effects of chemotherapy drugs.^[@ref6]−[@ref8]^ However, the existence of such diverse water populations still hinders the drawing of a definitive picture of the exact role of water in living cells. For instance, in different types of cells, the water populations with weaker contact with the biological interfaces, the so-called bulk-like populations, can have properties closer to or apart from the behavior of bulk water. Moreover, as a result of the soft confinement conditions, the properties of water molecules in close contact with the biological interfaces are frequently different for distinct cells and may even change depending on the stage of the cells' life cycle. Additionally, all these aspects can be altered by diseases, radiation therapy, or drugs. Understanding how these variations in water dynamics may influence the overall mechanisms within the cells requires the combination of several theoretical and experimental approaches. Furthermore, considering that biological water has a low-temperature behavior that differs from that of bulk water, experiments at cryo-temperatures are of interest to interpret the structural and dynamical properties of water confined in the complex architecture of a living cell.^[@ref9]^

In a previous work, we used neutron spectroscopy, which provides information not only about energy variations but also momentum transfer,^[@ref10]−[@ref12]^ to show how the dynamics of intracellular water in the breast cancer cell line MCF-7 is affected by the action of the chemotherapy drug paclitaxel (PTX).^[@ref6]^ As PTX causes mitotic arrest and apoptotic cell death, changes in a cellular membrane's and proteins' conformation occur, and, as an adjacent consequence, changes in the dynamics of water populations associated with these cellular interfaces may take place.^[@ref13]^ Hence, using quasi-elastic scattering, we reported considerable changes in the bulk-like water dynamics at room temperature and with inelastic scattering, we obtained initial insights about changes in the mobility and overall organization of the confined water populations.^[@ref6]^

Here, we have performed temperature-dependent dielectric spectroscopy (DS) experiments that allowed us to study the water dynamics on a broader timescale and thus complement our earlier observations. The same cells used in the previous neutron scattering experiments were investigated, that is, MCF-7 cells treated and not treated with PTX, hereafter TC and NTC. We have also investigated a TC sample exposed for 12 h at room temperature without any further control. In this sample, hereafter, TC~next-day~, the cells are no longer alive, thus allowing us to study the properties of an aqueous solution containing the biomolecules present in the living cells without the structure of cellular membranes.

2. Results and Discussion {#sec2}
=========================

According to previous DS investigations involving living cells at room temperature, two relaxations are, in principle, the most important to be considered in this work. While the polarization effects from the cell membranes lead to a relaxation below 1 GHz that can be used to verify the integrity of the cellular membranes, at frequencies around 10 GHz the γ-relaxation will give insights regarding the reorientation of water molecules.^[@ref14]−[@ref16]^ The γ-relaxation is, therefore, our starting point. At lower temperatures, because of supercooling effects,^[@ref17],[@ref18]^ the behavior of this relaxation will also provide valuable understanding of the dynamics of water populations in closer contact with the biological interfaces within the cells.

Initially, we performed DS experiments at room temperature in the microwave frequency range (0.1 to 50 GHz) that allowed us to characterize the γ-relaxation in the NTC, TC, and TC~next-day~. As these experiments were conducted at room temperature, the signal from bulk-like water is dominant in the γ-relaxation, and, in contrast to our previous quasi-elastic neutron scattering experiments,^[@ref6]^ no considerable differences between the NTC and TC were detected. This implies that spatial resolution (or, in other words, information about the momentum transfer) is critical to observe the dynamic differences in the bulk-like water populations of these cells at room temperature. At this point, one must also recall that DS is only sensitive to rotational dipolar dynamics and the diffusion of ionic entities. Further information about the DS data collection and analysis can be found in the [Materials and Methods](#sec4){ref-type="other"} section at the end of the paper.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} also includes data collected at room temperature in the radiofrequency range. In this case, the DC conductivities dominate the loss components (ε″), as depicted by the slopes in the data, and subtle signatures of lower frequency dispersions are detected in the real parts (ε′) of the spectra. The experimental DS data were fitted with the empirical Cole--Cole (CC) equation for the complex dielectric relaxationwhere the first term accounts for ionic DC conductivity (σ~0~ is the limiting low-frequency conductivity), ε~∞~ is the limiting high-frequency permittivity, ω is the angular frequency, *A*~*n*~ is the dispersion amplitude, and τ~*n*~ is the relaxation time of the relaxation component *n*. The parameter α~*n*~ (0 \< α~*n*~≤ 1) accounts for the broadening of the relaxations and is often related to the interactions between water dipoles and other dipolar or charged species.^[@ref19]^

![DS data for the NTC, TC, and TC~next-day~ at room temperature. On the right-hand side of the gray line, the data collected in the microwave frequency range are presented as closed symbols. On the left-hand side, the data collected at the radio-frequency range are presented as open symbols.](ao0c00897_0001){#fig1}

The values obtained for the γ-relaxation times in the MCF-7 cells (∼13 ps) are nearly independent of the treatment with PTX and are higher than the relaxation times determined for pure water as well as for other systems containing dispersed living cells (∼8 ps).^[@ref14]^ Even for the TC~next-day~, such a relaxation time is not considerably shifted and was determined as 13.3 ± 0.12 ps.

Although the presence of a cellular membrane structure can usually be confirmed by a relaxation observed below 0.1 GHz,^[@ref20]^ as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, this relaxation also presents nearly the same characteristics in all the samples despite the expected differences in the TC~next-day~. Therefore, we rely on viability tests to ensure that the cellular integrity is kept in both the NTC and TC (details of these tests are given in the [Materials and Methods](#sec4){ref-type="other"} section). Additionally, the absence of differences in this lower frequency dispersion can expose the dominance of electrode polarization phenomena in the real part of the data, as depicted by the slope at lower frequencies (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). To circumvent this effect, in the following analyses, we focused on the imaginary part of the dielectric response, ε″.

Sequentially, we moved to results obtained at lower temperatures, where the dielectric responses were evaluated on cooling in the radiofrequency range. The presence of any dynamic relaxation at temperatures above 250 K is not clear because of the dominance of the conductivities in the signals that monotonically decrease with temperature, as shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00897/suppl_file/ao0c00897_si_001.pdf) (Figure S2). This monotonic decrease in conductivity is broken as the samples experience phase transitions at around 256 K in the NTC, 258 K in the TC, and 252 K in the TC~next-day~. After these transitions during cooling and the consequent drastic drop in the DC conductivity, it is possible to detect relaxations from the confined water populations in the NTC, TC, and TC~next-day~. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, reliable quantitative descriptions of these relaxations with the CC equation are achieved between ∼230 and ∼200 K. At higher temperatures, fitting the data was not possible because of the proximity to the instrumental limit. From these fits, we obtained the relaxation times from each sample at these temperature ranges and the temperature dependence of these parameters is discussed further in the paper.

![Dielectric loss data collected at the radiofrequency range between 230 and 200 K for the (a)NTC, (b) TC, and (c) TC~next-day~. The dots are the experimental data and the full lines represent the fits with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.](ao0c00897_0002){#fig2}

To obtain a complete dynamic map, we also conducted experiments with a broadband spectrometer at even lower temperatures, between 205 and 115 K and at frequencies between 10^--2^ and 10^7^ Hz. At such low temperatures, in addition to the relaxations previously observed in the radiofrequency range, slower processes are also detected in all samples as shown by the arrows in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Dielectric loss data collected with the broadband spectrometer between 200 and 120 K for the (a) NTC, (b) TC, and (c) TC~next-day~. The full lines indicate the fits with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.](ao0c00897_0003){#fig3}

It is seen that the low-temperature relaxation behavior of NTC and TC is similar, whereas that of TC~next-day~ is altered. The two first samples show two apparent relaxation processes (see arrows in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The main dynamic processes are the faster ones and were also observed at higher temperatures in the radiofrequency range. At lower frequencies, slower and more prominent relaxations become apparent once the DC conductivity contribution is sufficiently reduced. For the TC~next-day~, the presence of the slower relaxation is not so clear and another fast relaxation becomes apparent at the lowest temperatures. The analysis of these relaxations has also been performed by fitting the data with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. As one can appreciate in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, such an equation can reasonably describe the experimental data except at the lowest temperatures for both the NTC and TC samples. Here, even though the CC equation becomes too simplistic to describe the data, the main peak frequencies are rather well captured and can be used to evaluate the corresponding characteristic relaxation times. Hence, the extracted relaxation times, together with those obtained at the radiofrequency range, were used to build the Arrhenius plots shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a.

![(a) Arrhenius representation of the characteristic times of the main dielectric relaxation process from the three samples investigated. The solid symbol at 0.0033 K^--1^ is a superposition of the data collected at room temperature in the microwave frequency range for the three samples. The dashed line corresponds to a VFT description, whereas solid lines show Arrhenius behaviors. The "x" symbols close to the slow relaxations from the NTC and TC depict the data from the dielectric relaxation of bulk water (ice) included for comparison purposes. (b) Correlation plot showing the log~10~(τ~slow~) versus log~10~(τ~fast~) for NTC, TC, and TC~next-day~. The "strong correlation" line depicts a slope = 1 and is a reference for a proportional relation between the fast and slow processes represented in (a).](ao0c00897_0004){#fig4}

First, we shall discuss the temperature dependence of the main process initially observed at the radiofrequency range and further detected with the broadband spectrometer in all samples. The relaxation times for these processes are indicated as closed symbols in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. At higher temperatures, NTC, TC, and TC~next-day~ show very similar dynamic behaviors following a Vogel--Fulcher--Tammann (VFT) temperature dependence.^[@ref21]^ Comparable responses have been observed in aqueous solutions of polymers and biomolecules and are associated with strongly coupled motions between solvent and solutes. This indicates that the water molecules, under the influence of other cellular components, such as proteins and DNAs, give rise to this dynamic process.^[@ref22]^ The dynamic similarity between the three samples at this temperature range leads to important observations, as follows. Given the TC~next-day~ result, we can disregard the influence of the integrity of the membrane structure on this process. Additionally, as a coupled dynamics system, this water relaxation ought to follow a very similar temperature dependence than that of the dissolved biomolecules themselves.^[@ref22]^ In our case, as we will discuss in detail in the sequence, the relaxations from the cell components are only detected for the TC~next-day~. However, we can still argue that the dynamical behavior from the cellular components other than water, or at least their contribution to this coupled motion, is the same regardless of whether the cells are alive or if they were treated with PTX. This is in full agreement with our previous inelastic neutron scattering experiments, where we showed that the frequencies and amplitudes of the vibrations from proteins in NTC and TC were similar.^[@ref6]^

At lower temperatures, around 170--180 K, a crossover from non-Arrhenius to Arrhenius behavior is observed in the main relaxation for the three samples, indicating a transition from liquid-like to localized dynamics. Although the origin of this transition is still debated,^[@ref22]−[@ref24]^ we argue that the global motions from the cellular components undergo a glass transition, whereas the water molecules in close contact with the biological interfaces still experience single-particle motions.^[@ref25]^ Here, the dynamic crossovers were observed at 180, 179, and 175 K for NTC, TC and TC~next-day~, respectively. The slightly higher crossover temperature in the NTC might be considered as an indication that a distinct dynamic coupling between water and the solutes is found after the action of PTX.^[@ref22]^ Nevertheless, acknowledging the small differences in the crossover temperatures, further evidence supporting this hypothesis is given along with a discussion on the activation energies and Cole--Cole broadening factor, α, of the motions.

As we mentioned, at temperatures below the dynamic crossover, the main dynamical processes show Arrhenius behaviors (log (τ) ∝ 1/*T*) with distinct activation energies obtained via τ = τ~0~exp(E~act~/RT), where τ~0~ is a pre-factor, *E*~act~ is the activation energy of the relaxation, *R* is the universal gas constant, and *T* is the absolute temperature. The values obtained for NTC and TC are 16 ± 1 and 20 ± 1.5 kJ/mol, as also shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. Here, the higher relaxation times (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) together with the higher activation energy determined for the TC reinforce the idea that the interactions between hydration water and the biological interfaces are changed by PTX. Concerning the Cole--Cole broadening factor, α, we found that it is slightly higher for the NTC (α ≈ 0.80) at temperatures below 170 K as compared with TC (α ≈ 0.70) and TC~next-day~ (α ≈ 0.68), indicating a higher occurrence of interactions between water dipoles and other cellular components after the action of the drug.^[@ref19]^ For TC~next-day~, a distinct faster process is detected below the dynamic crossover. This process is commonly detected in protein solutions^[@ref26]^ and also follows an Arrhenius temperature dependence with a much lower activation energy of 9 ± 0.3 kJ/mol, demonstrating the presence of an additional single-particle dynamics not observed in the living cells.

As previously mentioned, the data collected with the broadband spectrometer at temperatures below 200 K also revealed the presence of slower relaxations in all samples. For these, the temperature dependences are shown as the open symbols in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. For NTC and TC, this process presents dynamical behavior very similar to a dielectric relaxation detected in bulk-like water (ice Ih), whose temperature dependence is depicted by the "x" signals in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a (the dielectric response from pure water is presented in [Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00897/suppl_file/ao0c00897_si_001.pdf)). Therefore, this relaxation can be ascribed to the fraction of water with minor interactions with the cellular components. A small increase in activation energy is detected for this process after treatment with PTX (from 30 ± 0.2 to 32 ± 0.2 kJ/mol) and, as shown in [Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00897/suppl_file/ao0c00897_si_001.pdf), the relaxation times for the TC are slightly higher than in the NTC and in pure water, indicating a change in the relaxation mechanism of this water population. This result is in good agreement with our previous thermal analyses that indicated a higher specific heat for the TC in comparison with the NTC at low temperatures.^[@ref6]^

Turning to the analysis of TC~next-day~, a change in behavior of the slow dynamics is clearly observed at temperatures around the dynamic crossover of the main relaxation process. Initially, the slow dynamics of this sample shows a temperature dependence whose linear extrapolation would lead to values of relaxation times around 100 s at 170--180 K. Therefore, we can infer that this relaxation is related to the α-like global relaxations of the system and these indeed undergo a glass transition around the crossover temperature. At lower temperatures, new motions become dominant and a deviation in the initial behavior occurs. In this case, given the high relaxation times, it is very unlikely that this motion is related to the fraction of water with minor interactions with the biological interfaces, as discussed for NTC and TC. Instead, it is more reasonable that collective motions from hydration water are observed.^[@ref23]^ As the cells were exposed to nonideal conditions for a long period, an increase in the concentration of proteins related to cellular death is expected in the solution. Hence, in TC~next-day~ we could detect the additional fast dynamics at low temperatures as well as motions from the proteins themselves and the previously mentioned collective motions from hydration water.

A definitive picture of the origin of the detected dynamical processes is possible by the analyses presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. A plot of ln(τ~slow~) versus ln(τ~fast~) is shown for all samples together with a "strong correlation" line (slope = 1), which is a reference for a proportional relation between the relaxation times.^[@ref25]^

As discussed above, for NTC and TC, the slow process is directly related to events within the populations of water with minor interactions with the biological interfaces. Therefore, the weaker correlation at the higher temperatures confirms that the fast process is influenced by the dynamics of the several cellular components. After the dynamic crossover and the freezing of the dynamics from the cells' components, the data points assume values closer to the strong correlation line, indicating that water is the major contributor in both processes. In TC~next-day~, at temperatures below the dynamic crossover, the fast and slow relaxations are strongly correlated, confirming that the dynamics from the diverse biomolecules strongly influences both processes. The smooth deviation from the "strong correlation" line observed at lower temperatures indicates that although water is the main contributor in the fast process, the cellular components are still relevant in the slow relaxation.

3. Conclusions {#sec3}
==============

By combining the present results with our previous neutron scattering experiments, a reasonable picture of the dynamical behavior of water in the MCF-7 cells after the action of PTX can be elucidated. Regarding the bulk-like water populations, the dynamic discrepancies between NTC and TC show a long-range character at room temperature and are only detectable by quasi-elastic neutron scattering that allows for spatial resolution of the motion. At low temperatures, however, differences in the relaxation process related to bulk-like water are detected as exposed by an increase in activation energy and relaxation times in TC as compared with NTC. The influence of these possible discrepancies in bulk-like water dynamics within the cells on the diffusivity of ionic species ought to be considered in future investigations. Regarding the dynamics from water populations in closer contact with the biological interfaces, we found that PTX leads to an increase in the activation energy of their single-particle motions as well as in their relaxation times. Interestingly, dynamical differences between NTC, TC, and even TC~next-day~ are only detected at temperatures below the glass transition of proteins and other biomolecules in the cells. Therefore, in the systems studied here, changes in water dynamics could be detected before changes in the overall dynamics of other cellular components could be observed. In the future, further experiments must be performed to establish if our findings are also observable in other cell lines as well as when treating cancer cells with other chemotherapeutic agents.

4. Materials and Methods {#sec4}
========================

4.1. Cell Cultures {#sec4.1}
------------------

Breast cancer cells (MCF-7) were propagated in Petri dishes at 37 °C in Dulbecco's Modified Eagles Medium (DMEM) supplemented with 10% fetal calf serum, 2 mM glutamine, 5000 IU/mL penicillin, and streptomycin in a humidified atmosphere containing 5% CO~2~. When the cells became about 50% confluent, they were washed with phosphate buffer saline (PBS: 10 mM Na~2~HPO~4~, 1.8 mM KH~2~PO~4~, 137 mM NaCl, 3 mM KCl, pH 7.4) and incubated in DMEM without serum. A part of the cells were then treated with paclitaxel (PTX) (LC Laboratories) with a final concentration of 15 nM for 24 h. The cells treated and not treated with PTX, NTC, and TC, respectively, were then dislodged with trypsin and transferred to DMEM-containing serum and washed with PBS by centrifugation (1000*g*, 10 min). The cells were then resuspended in 4 mL of DMEM with 10% DMSO (without serum), leading to a concentration of 3 × 10^7^ cells/mL. The cells were frozen and stored at −80 °C until use. The cell cultures are from the same batch as the ones described in ref ([@ref6]), where a portion of the cells were thawed and investigated at room temperature for several hours with neutron spectroscopy. After these experiments, the viability of the cells was tested by staining with Trypan Blue (Sigma-Aldrich) and 70% of both TC and NTC were found to be viable. Based on these results, we inferred that the viabilities of the TC and NTC used here are similar or above 70% as they were rapidly taken out of the fridge, placed in the spectrometers, and studied at low temperatures. Representative optical microscopy images of the cells before and after treatment with paclitaxel are reported in ref ([@ref6]).

4.2. Dielectric Spectra Collection {#sec4.2}
----------------------------------

First, dielectric spectra of NTC and TC were collected at room temperature in the frequency range between 2 × 10^7^ and 5 × 10^10^ Hz using a Micro-Wave Dielectric Spectrometer (Keysight E8361A Microwave Network Analyzer). As the experiments at room temperature expose the cells to nonideal conditions, we also collected data for TC as a function of time to establish a time window in which we could safely handle the cells. We collected data after 15, 30, 45, 60, and 75 min and no considerable changes in the cells' dielectric behavior were observed. Next, we also collected data after 12 h and, for this, a very slight change in dielectric behavior was detected. These results are presented as the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00897/suppl_file/ao0c00897_si_001.pdf) in Figure S1, and, based on them, we inferred that the cells no longer had their membranes' integrity after 12 h. The TC exposed to room temperature for 12 h were then named TC~next-day~.

Sequentially, NTC, TC, and TC~next-day~ were analyzed in the radiofrequency range with a High-Frequency Dielectric Spectrometer (RF impedance analyzer Keysight E4991A) in the frequency range between 1 × 10^6^ and 3 × 10^9^ Hz and between room temperature and 203 K. A 1 K/min cooling rate was used, and the temperature was controlled by a Nitrogen-jet stream Quatro Cryosystem, Novocontrol, apparatus. Finally, NTC, TC, TC~next-day~, and also pure water were analyzed in a Broad-Band Dielectric Spectrometer (high-resolution dielectric/impedance analyzer ALPHA-S---Novocontrol) in the frequency range between 1 × 10^--2^ and 1 × 10^7^ Hz. The data were collected isothermally at temperatures between 205 and 115 K as also controlled by a Nitrogen-jet stream Quatro Cryosystem, Novocontrol, apparatus.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00897](https://pubs.acs.org/doi/10.1021/acsomega.0c00897?goto=supporting-info).Additional DS data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00897/suppl_file/ao0c00897_si_001.pdf))
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